Acute salt excess activates central osmoreceptors, which trigger an increase in sympathetic and respiratory activity. The carotid bodies also respond to hyperosmolality of the extracellular compartment, but their contribution to the sympathoexcitatory and ventilatory responses to NaCl overload remains unknown. To evaluate their contribution to acute NaCl overload, we recorded thoracic sympathetic (tSNA), phrenic (PNA) and carotid sinus nerve activities in decorticate in situ preparations of male Holtzman rats (60-100 g) while delivering intra-arterial infusions of hyperosmotic NaCl (0.17, 0.3, 0.7, 1.5 and 2.0 mol l −1 ; 200 l infusion over 25-30 s, with a 10 min time interval between solutions) or mannitol (0.3, 0.5, 1.0, 2.7 and 3.8 mol l −1 ) progressively. The cumulative infusions of hyperosmotic NaCl increased the perfusate osmolality to 341 ± 5 mosmol (kg water) −1 and elicited an immediate increase in PNA and tSNA (n = 6, P < 0.05) in shamdenervated rats. Carotid body removal attenuated sympathoexcitation (n = 5, P < 0.05) but did not affect the tachypnoeic response. A precollicular transection disconnecting the hypothalamus abolished the sympathoexcitatory and tachypnoeic responses to NaCl overload (n = 6, P < 0.05).
INTRODUCTION
Hyperosmotic challenges caused by salt overload or dehydration (water deprivation) are sensed centrally and evoke increases in sympathetic nervous activity (SNA; Antunes, Yao, Pickering, Murphy, & Paton, 2006; Colombari et al., 2010 Colombari et al., , 2011 Holbein & Toney, 2013 Kinsman, Browning, & Stocker, 2017a; Kinsman, Simmonds, Browning, & Stocker, 2017b; Shi, Stocker, & Toney, 2007) . This response depends on specialized cells that are located in the organum vasculosum of the lamina terminalis (OVLT) and the subfornical organ and that detect changes in extracellular osmolality intrinsically (Anderson, Washburn, & Ferguson, 2000; Kinsman, et al., 2017b) . In vivo OVLT neuronal discharge increases during intracerebroventricular infusion of hyperosmotic NaCl (Kinsman et al., c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society 2017a). Inhibition of the OVLT neurons with muscimol (GABA A receptor agonist) reduces the sympathoexcitatory response to intracarotid or intracerebroventricular infusions of hyperosmotic NaCl (Kinsman, et al., 2017b; Shi et al., 2007) . These data indicate that neurons in the hypothalamus are required for the processing of sympathetic responses to acute NaCl overload.
The carotid bodies are small clusters of chemosensitive and glialike sustentacular cells located bilaterally in the neck, at the rostral end of the bifurcation of the common carotid arteries (López-Barneo et al. 2016 ). The chemosensitive cells rapidly detect and respond to changes in the partial pressures of O 2 and CO 2 and the pH (Kumar & Prabhakar, 2012; Peers, Wyatt, & Evans, 2010; Peng et al. 2010) . The stimulation of carotid body chemoreceptors by hypoxia produces activation of carotid sinus afferents (Lahiri, Mokashi, Mulligan, & Nishino, 1981; Experimental Physiology. 2019; 104:15-27. wileyonlinelibrary.com/journal/eph Peng et al., 2010) , resulting in an increase in sympathetic and respiratory activities (Blackburn, Andrade, & Toney, 2018; Braga et al., 2007; Moraes, Bonagamba, Zoccal, & Machado, 2011) through central pathways (reviewed by Guyenet, 2014) . In addition to this well-known chemosensitive role, a multisensorial nature of carotid bodies has been described (Allen, 1998; Liu, He, Stensaas, Dinger, & Fidone, 2009; Kumar & Prabhakar, 2012; Pardal & López-Barneo, 2002; Zhang et al., 2007) . In this regard, data indicate that the carotid bodies are sensitive to glucose, circulating hormones, pro-inflammatory cytokines and changes in osmolality (Allen, 1998; Liu et al., 2009; Pardal & López-Barneo, 2002; Trzebski, Chrusceilewski, & Maicherczyk, 1978; Zhang et al., 2007) . With regard to changes in osmolality, perfusion of a common carotid artery with hyperosmotic NaCl increases the frequency of discharge of the carotid body chemoreceptor and baroreceptor fibres in urethane-anaesthetized cats (Trzebski et al., 1978) , identifying an osmosensory function of the carotid bodies.
In contrast, hypothalamic areas are considered to be the primary site for evoking an increase in the sympathetic and respiratory activities during hyperosmotic stimulation (Antunes et al., 2006; Holbein & Toney, 2015; Kinsman et al., 2017a, b; Shi et al., 2007) .
According to Holbein and Toney (2015) , the bilateral inhibition of hypothalamic paraventricular nucleus (PVN) neurons with muscimol prevented hyperosmotic NaCl-evoked increases of splanchnic SNA and phrenic nerve activity (PNA). Usually, central hyperosmolality is abruptly induced by rapid injections of hyperosmotic NaCl, either intracerebroventricular or via the internal carotid artery (Holbein & Toney, 2015; Kinsman et al., 2017a, b; Shi et al., 2007) , without activation of carotid bodies. Therefore, whether the carotid bodies make an additional contribution to the increased sympathetic and respiratory activities during acute NaCl overload, and their relationship with central osmoreceptors, have not been studied previously.
In the present study, we hypothesized that the carotid bodies are stimulated by acute hyperosmotic NaCl overload and contribute to the elevation of sympathetic and respiratory activities. To test this possibility, we used non-anaesthetized in situ preparations of juvenile rats, which are characterized by a robust sympathetic activity, with preserved control networks, sensory inputs and motor patterns (Paton, 1996; Zoccal et al., 2008) . To test our hypothesis, we recorded thoracic SNA (tSNA) and PNA and infused hyperosmotic NaCl solutions intra-arterially in preparations with the carotid sinus nerve and hypothalamus intact or with the carotid sinus nerves transected or with the hypothalamus disconnected by a precollicular brainstem transection. Moreover, we also investigated intraarterial equi-osmolar infusions of mannitol to verify the selectivity of the responses to NaCl.
METHODS

Ethical approval
All experimental protocols were approved by the Ethics Committee for Animal Care and Use (CEUA) of the School of Dentistry of Araraquara, São Paulo State University (CEUA number 7/2015).
New Findings
• What is the central question of this study?
Does carotid body input contribute to the hyperosmotic responses?
• What is the main finding and its importance?
The response to NaCl overload is sympathorespiratory excitation. Eliminating the carotid body input reduced sympathoexcitation but did not affect the increase in phrenic burst frequency, whereas eliminating the hypothalamus prevented the tachypnoea and sympathoexcitation. We conclude that the carotid body inputs are essential for the full expression of the sympathetic activity during acute NaCl overload, whereas the tachypnoea depends on hypothalamic mechanisms.
Animal studies
Male Holtzman rats that were 4-5 weeks old (60-100 g) were used.
Animals were housed in a temperature-controlled room (22-24
with a relative humidity of 50-60% under a 12 h-12 h light-dark cycle (lights on at 07.00 h) and had continuous access to food and tap water.
Arterially perfused in situ rat preparation
In situ preparations of juvenile rats (60-100 g) were used to record the activity of the thoracic sympathetic chain, phrenic nerve and carotid sinus nerve, as previously described (Paton, 1996; Pijacka et al., 2016b; Zoccal et al., 2008) . Briefly, rats were heparinized (4000 IU I.P.) and subsequently deeply anaesthetized with halothane (5%). Thereafter, rats were transected subdiaphragmatically, and the head and thorax were submerged in ice-chilled Ringer solution (for constituents, see below). The cerebral cortices, hippocampus and thalamic areas were removed by gentle aspiration. The preoptic area, the adjacent septal nuclei and the hypothalamic areas remained intact. The descending aorta was isolated, and the skin and lungs were removed. Then the preparation was transferred to a recording chamber. A double-lumen catheter (DLR-4; Braintree Scientific, Braintree, MA, USA) was inserted in the descending aorta for retrograde perfusion. Perfusion was supplied via a peristaltic roller pump (model 502Du; Watson Marlon, Falmouth, UK). The second lumen of the catheter was used to monitor the aortic perfusion pressure (PP).
The perfusion pressure was maintained in the range 50-80 mmHg by adjusting the flow to 23-25 ml min −1 according to the size of the animal and by adding vasopressin (0.6-1.0 nmol l −1 ; Sigma Chemical Co., St Louis, MO, USA) to the perfusate, as previously described We evaluated the coupling between tSNA and PNA by analysing the pattern of sympathetic activity during the respiratory cycle, as previously described (Colombari et al., 2011; Holbein & Toney, 2015; Zoccal et al., 2008) . The pattern of tSNA throughout the respiratory cycle was evaluated from phrenic-triggered averages generated during baseline Ringer solution (10-12 respiratory cycles) and hyperosmotic NaCl infusion (one to three respiratory cycles). The respiratory-sympathetic coupling was generated at the beginning of the NaCl infusion (when the PNA frequency increased) and at the end of the injections (when the PNA frequency slowed owing to the expiratory time lengthening and when the increased SNA bursts had emerged). The average tSNA was divided into three segments, 2.5 Thoracic SNA and PNA in response to acute NaCl overload in in situ preparations of rats with removal of carotid bodies
The juvenile rats (n = 5) were submitted to removal of the carotid bodies (CBX) using a modification of the technique described by Abdala et al. (2012) . Briefly, 24 h before the in situ experiments, rats were anaesthetized with halothane (2% in O 2 ) and fixed in a supine position. Using strict aseptic techniques, an anterior midline incision (3 cm) was made in the neck to expose the muscles that cover the trachea and carotid bifurcation region. The sternohyoid and sternocleidomastoid muscles were carefully retracted, the carotid bifurcation was exposed, the occipital artery was retracted, and the carotid body was visualized and removed. The procedures were performed bilaterally. Subsequently, the midline neck incision was sutured using silk for surgical closure of the wounds, and both groups (sham and CBX) received anti-inflammatory ketoprofen [1%, 0.03 ml (100 g) −1 , S.C.] and were monitored until they regained consciousness.
One day after the surgical procedures, rats were prepared for 2.6 Thoracic SNA and PNA in response to acute NaCl overload in in situ rat preparations after decerebration
Initially, decorticate in situ preparations were prepared from shamdenervated rats (n = 6), and tSNA and PNA were recorded. Then, a brain transection was performed rostral to the superior colliculus to remove the hypothalamus. After a period of stabilization (∼30 min) intra-arterial infusions of Ringer solution and hyperosmotic NaCl (0.17, 0.3, 0.7, 1.5 and 2.0 mol l −1 ) were performed. At the end of the experiments, the brains were removed and placed for 3 days in 10% formalin for fixation, then processed to obtain sagittal sections (200 m thickness). Sections were mounted on slides and analysed by light microscopy to confirm transection levels.
TA B L E 1 Osmolality of the perfusate in the common carotid artery during intra-arterial infusions of Ringer solution or hyperosmotic NaCl in ascending order
NaCl ( Values are means ± SD; n = 6. Friedman repeated-measures ANOVA on ranks followed by Newman-Keuls test. *Different from Ringer solution; † different from previous infusions of NaCl; P < 0.05.
Carotid sinus nerve activity in response to acute hyperosmotic solutions in sham-denervated rats
After carotid sinus nerve isolation and initial baseline recordings, an intra-arterial infusion of KCN (25 g in 50 l) was performed to verify the excitatory response. The CSNA was also tested in response to baroreceptor activation with intra-arterial infusion of phenylephrine (10 g in 100 l), because the carotid sinus nerve also contains baroreceptive fibres from the carotid sinus (Seagard et al. 1990 ).
After these functional tests, infusions of isotonic Ringer followed by hyperosmotic NaCl (0.17, 0.3, 0.7, 1.5 and 2.0 mol l −1 ; n = 10) were carried out as described above. Another group of preparations received infusions of Ringer solution and mannitol (0.3, 0.5, 1, 2.7 and 3.8 mol l −1 ; n = 5).
Measurements of perfusate osmolality
To determine the osmolality of the perfusate that reached the carotid bodies, a group of preparations (n = 6) had a catheter inserted into the common carotid artery for the collection of perfusate samples.
The catheter was inserted immediately caudal to the carotid artery bifurcation to allow the collection of perfusate close to the location of the carotid bodies. These preparations were not used for sympathetic and respiratory analysis because cannulation of the common carotid artery might impair the brain blood flow and damage the preparations.
The perfusate samples (1 ml) were collected while isosmotic Ringer or hyperosmotic NaCl was infused (∼25 s).
In addition, to determine that intra-arterial infusions of hyperosmotic NaCl or mannitol produced equi-osmotic changes in perfusate osmolality, the samples were collected from the perfusate reservoir.
The samples were obtained from the same preparations used to evaluate the responses to NaCl or mannitol load. The added solutions of hyperosmotic NaCl or mannitol that perfused the preparations through intra-arterial infusions were recycled into the perfusate reservoir from which these samples were collected (for description of in situ perfusion, see Zoccal, Paton, & Machado, 2009 ). The samples (1 ml) were collected before the hyperosmotic challenges and approximately 9-10 min after the end of each infusion of hyperosmotic NaCl (n = 10) or mannitol (n = 5), after the solutions had recycled in the perfusion system. Perfusate osmolality was measured using a freezing point depression osmometer (model 3250; Advanced Instruments, Norwood, MA, USA).
Data analysis
Results were expressed as means ± SD. 
RESULTS
Changes in perfusate osmolality induced by intra-arterial infusions of hyperosmotic NaCl in in situ rat preparations
Perfusate samples collected from the common carotid artery showed that infusions of 0.17 and 0.3 mol l −1 NaCl produced no increase in the osmolality. Perfusate osmolality increased during intra-arterial infusions of 0.7, 1.5 and 2 mol l −1 NaCl (P < 0.05), reaching an increase of 13% in the osmolality (Table 1) . in CBX rats (Tables 2 and 3 ). These new findings indicate that the The comparison between the changes produced by hyperosmotic NaCl and mannitol infusions showed that NaCl elicited tachypnoea (P < 0.05, compared with Ringer solution) and sympathoexcitation (P < 0.05, compared with Ringer solution), whereas mannitol did not change the PNA (P > 0.05, compared with Ringer solution) and tSNA (P > 0.05, compared with Ringer solution; Figure 5c ). These data indicate the selectivity of the sympathetic and ventilatory responses to NaCl.
Changes in
Sympathetic and ventilatory responses induced by hyperosmotic NaCl infusions in decerebrate rats
Effects of hyperosmotic NaCl or mannitol infusions on CSNA in the decorticate in situ preparation of sham-denervated rats
A final set of experiments was performed to investigate whether the carotid sinus nerve responds to intra-arterial infusions of CBX (%) −2.7 ± 2.8 2.2 ± 8.9 0.2 ± 5.3 6.8 ± 7.8 4.0 ± 4.9
Decerebrate (%) 2.1 ± 6.5 −0.5 ± 11.0 −0.8 ± 4.9 1.3 ± 6.2 4.7 ± 8.5
Values are means ± SD; n = 5 or 6. One-way repeated-measures ANOVA followed by Newman-Keuls test. Abbreviations: CBX, carotid body removal; and SNA, sympathetic nerve activity. CBX (breaths min −1 ) 0 . 0 ± 0.7 1.6 ± 1.3 1.7 ± 2.0 1.6 ± 2.1 1.9 ± 1.6
TA B L E 3
Decerebrate (breaths min −1 ) −0.2 ± 0.8 0.5 ± 0.9 −0.3 ± 1.1 0.5 ± 1.6 1.0 ± 1.7
Values are means ± SD; n = 5 or 6. One-way repeated-measures ANOVA followed by Newman-Keuls test. Abbreviations: CBX, carotid body removal; and PNA, phrenic nerve activity.
hyperosmotic NaCl or mannitol in sham-denervated rats. Previously, the functional role of the carotid sinus nerve was tested by intra-arterial infusions of phenylephrine and KCN. The activation of baroreceptive fibres from the carotid sinus with phenylephrine induced no changes in the CSNA (Δ 10 ± 15%, compared with Ringer solution; −1 ± 4%). In contrast, the activation of peripheral chemoreceptors with KCN increased CSNA in preparations that later received NaCl (Δ 214 ± 52%, compared with −1 ± 4% for Ringer solution; P < 0.05) or mannitol (Δ 197 ± 41%, compared with 1 ± 1%
for Ringer solution; P < 0.05; Figure 6a and c.
The activation of the carotid sinus nerve induced by infusions of 0.17, 0.3 and 0.7 mol l −1 NaCl produced no changes in the CSNA, whereas 1.5 and 2 mol l −1 NaCl increased it (P < 0.05; Figure 6a and b).
The infusions of 0.3, 0.5, 1.0, 2.7 and 3.8 mol l −1 mannitol did not modify and 341 mosmol (kg water) −1 (2 mol l −1 NaCl) in sham (n = 6) and decerebrate rats (n = 6). Note that hypothalamic disconnection at the precollicular level completely abolished the NaCl-induced sympathoexcitation and tachypnoea. Data for hyperosmotic NaCl overload were obtained using a group of decorticate rats and another group of decerebrate rats. In decorticate in situ preparation all telencephalic and thalamus structure is removed. Only hypothalamus and conections with hindbrain is preserved. In decerebrate in situ preparation all structures rostral to anterior colliculus is removed. Two-way ANOVA followed by Newman-Keuls test. Results in (b) are represented as means ± SD. *P < 0.05 the CSNA [F(5, 20) = 2.35; P > 0.05; Figure 6a and b]. The increase in the CSNA evoked by hyperosmotic NaCl was lower than the response produced by KCN infusion and higher compared with mannitol infusion [F(1, 26) = 4.99; P < 0.05; Figure 6c ]. These data show that acute NaCl overload activates the carotid sinus nerve, whereas mannitol produces negligible effects.
DISCUSSION
The importance of the carotid bodies for the sympathetic and respiratory responses induced by acute hyperosmotic NaCl overload and their relationship with the hypothalamus were studied. Using a non-anaesthetized in situ preparation of rats, the main finding is that the carotid bodies contribute to the sympathoexcitation induced by acute hyperosmotic NaCl overload, but not to the tachypnoeic response. The results show that bilateral removal of the carotid bodies significantly affected the increase in the tSNA in response to NaCl but maintained the increase in PNA frequency. In contrast, the transection rostral to the superior colliculus (to remove the hypothalamus)
abolished the sympathetic and ventilatory responses induced by hyperosmotic NaCl infusion. Therefore, the new findings suggest that additional information produced by the carotid bodies is integrated with hypothalamic circuits to modulate the sympathetic activity during acute salt overload.
The present results show that acute hyperosmotic stimulation produced by consecutive intra-arterial additions of hyperosmotic NaCl, which perfused the carotid artery and triggered direct effects on the carotid bodies and CNS, increased the PNA frequency, tSNA and CSNA. Although there was an increase in PNA frequency and CSNA with 1.5 mol l −1 NaCl, sympathetic activity increased only when the osmolality reached ∼341 mosmol (kg water) −1 (i.e. during 2 mol l −1 NaCl infusion), indicating a higher osmotic threshold to produce sympathoexcitation. The increase in the perfusate osmolality used here was similar to the changes in plasma osmolality that occurred after 48 or 72 h water deprivation (Colombari et al., 2011; Holbein & Toney, 2013) , indicating that the hyperosmotic stimulus is in agreement with an experimental model of increased sympathetic tone.
In addition to the well-known role of the carotid body chemoreceptors in the detection and short-term regulation of arterial blood gas partial pressures and pH (Kumar & Prabhakar, 2012; Peers et al., 2010; Peng et al. 2010) , the carotid bodies might also be sensitive to changes in osmolality (Trzebski et al., 1978) . A previous study demonstrated that intracarotid administrations of hyperosmotic NaCl increased the discharge frequency of the carotid body afferent fibres in vivo (in anaesthetized cats; Trzebski et al., 1978) . The present results show that CSNA also increases in response to acute NaCl overload in decorticate, arterially perfused in situ preparations of juvenile rats.
In contrast, mannitol infusions did not produce significant changes on CSNA. In addition, the mannitol load did not modify the tSNA and PNA frequency. These results suggest that the increase in the tSNA, PNA and CSNA are sodium specific, acting on the carotid bodies and hypothalamus, but are not attributable to osmolar or volume effects.
According to Molnár et al. (2003) , hypercapnic acidosis increases the cytoplasmic calcium concentration of cultured chemoreceptor cells from rat carotid bodies, whereas elevation of osmolality by addition of sucrose [∼350 mosmol (kg water) −1 ] elicited no changes in the transient cytoplasmic calcium concentration. It is possible that the carotid sinus nerve activation in response to NaCl overload is mediated by a sodium channel in the carotid bodies, as proposed for central sodium sensors (Amin et al., 2005; Miller, Wang, Gray, Salkoff, & Loewy, 2013) .
In the present study, carotid body removal reduced the increase in sympathetic activity produced by acute hyperosmotic NaCl overload, whereas disconnection of the hypothalamus at the precollicular level abolished it. These results support the participation of hypothalamic mechanisms in the sympathetic response to NaCl overload, as previously suggested (Antunes et al., 2006; Colombari et al., 2010; Holbein & Toney, 2015; Kinsman et al., 2017a, b; Shi et al., 2007) .
The present results suggest that activity of the carotid bodies is also The carotid body afferents gain access to the CNS through the nucleus of the solitary tract (Spyer, 1981) before reaching areas involved with sympathetic and body fluid control (Aicher et al., 1996; Bailey, Hermes, Andresen, & Aicher, 2006; Saper, Reis, & Joh, 1983; Tucker, Saper, Ruggiero, & Reis, 1987) . The present study showed that removal of the hypothalamus in in situ rat preparations with intact carotid bodies abolished the increase in the tSNA induced by hyperosmotic NaCl infusions. These findings indicate that carotid body inputs are processed in the hypothalamus, providing evidence of a hierarchical relationship between central and peripheral mechanisms.
In this regard, carotid body signals might act as a peripheral mechanism for osmoregulation. (Brooks, Freeman, & O'Donaughy, 2004) and sympathetic preganglionic neurons of the spinal cord (Antunes et al., 2006) .
In addition to the changes in tSNA and CSNA, acute NaCl overload produced a biphasic inhibitory-excitatory response on PNA, which was characterized by an initial increase in the burst frequency, followed by expiratory time lengthening. The increase in the respiratory frequency in in situ preparations in response to NaCl overload was abolished only in preparations in which the hypothalamus was disconnected. These results suggest that tachypnoea during acute hyperosmotic challenges depends mainly on central mechanisms. These findings reinforce those from previous studies that have proposed hypothalamic modulation of respiratory activity (Fortuna, Stornetta, West, & Guyenet, 2009; McDowall, Horiuchi, & Dampney, 2007; Schlenker, Barnes, Hansen, & Martin, 2001; Yeh, Erokwu, LaManna, & Haxhiu, 1997) . Projections from vasopressinergic and oxytocinergic PVN neurons to respiratory neurons of the ventral respiratory column and spinal cord have been identified Mack et al., 2002; Mack, Wu, Kc, & Haxhiu, 2007) . Furthermore, disinhibition of the PVN with microinjections of bicuculine (GABA A antagonist) increased the respiratory frequency of conscious rats (Schlenker et al., 2001 ). Based on these data, it is possible that acute NaCl challenges activate hypothalamic neurons, including those from the PVN that send projections to inspiratorycontrolling areas, promoting increases in phrenic burst frequency.
In addition, hypothalamic stimulation was documented to activate neurons in the retrotrapezoid nucleus located in the brainstem (Fortuna et al., 2009) , which is related to control of expiratory activity (Abdala, Rybak, Smith, & Paton, 2009; Pagliardini et al., 2011) . Thus, the hyperosmolality might also excite expiratory sites for mediating expiratory responses during NaCl overload.
A previous study reported that the respiratory modulation of sympathetic activity is not modified by intracarotid infusion of hyperosmotic NaCl in urethane-anaesthetized, vagotomized and mechanically ventilated adult rats (Holbein & Toney, 2015) . The present results using in situ preparations of juvenile rats showed that the increase in the phrenic nerve frequency in response to acute NaCl overload preceded the sympathoexcitatory response, indicating that sympathoexcitation in these conditions is not entrained with changes in inspiratory activity. In contrast, the tSNA response to acute NaCl overload was characterized by the emergence of high-amplitude bursts during the expiratory phase in association with expiratory lengthening, suggesting that the sympathetic response to NaCl might be entrained with the activation of expiratory neurons. In agreement with this possibility, hypothalamic disconnection abolished the prolonged expiratory period and sympathetic activation in response to NaCl overload, indicating that additional expiratory-related bursts in sympathetic outflow depend on central mechanisms. Modifications in the respiratory-related pattern of sympathetic activity, with the introduction of additional bursts during the respiratory cycle, might increase the efficiency of the neuroeffector transmission, especially between postganglionic neurons and vascular smooth muscle cells (Gilbey, 2007; Moraes, Machado, & Zoccal, 2014) . Therefore, the expiratory-related burst pattern of sympathetic activity during acute NaCl overload might represent an important mechanism to promote an increase in vascular resistance.
In conclusion, the present results suggest that the carotid bodies, in addition to the hypothalamic mechanisms, are crucial for the sympathetic adjustments promoted by hyperosmotic NaCl infusion, whereas the tachypnoea depends on hypothalamic mechanisms. The results indicate that the carotid bodies might act as a peripheral sodium sensor and contribute to sympathetic adjustments during acute NaCl overload. The carotid bodies have attracted considerable interest as a new target for the treatment of hypertension (Abdala et al., 2012; Pijacka et al., 2016a Pijacka et al., , 2016b . Thus, it is important to consider that inputs from the carotid bodies during salt overload might contribute to the development of salt-sensitive hypertension.
The cellular mechanisms involved in the NaCl sensing in carotid bodies have not been identified and require future studies.
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